The recessive mutant mouse jumonji (jmj), obtained by a gene trap strategy, shows neural tube defects in approximately half of homozygous embryos with a BALB/cA and 129/Ola mixed background, but no neural tube defects with BALB/cA, C57BL/6J, and DBA/2J backgrounds. Here, we show that neural tube and cardiac defects are observed in all embryos with a C3H/HeJ background. In addition, abnormal groove formation and prominent¯exure are observed on the neural plate with full penetrance, suggesting that abnormal groove formation leads to neural tube defects. We found morphogenetic abnormalities in the bulbus cordis (future out¯ow tract and the right ventricle) of homozygous embryo hearts. Moreover, myocytes in the ventricular trabeculae show hyperplasia with cells ®lling the ventricles. Together with the observation that the jmj gene is expressed in the neural epithelium of the head neural plate and in myocytes in the bulbus cordis and trabeculae, the results show that the jmj gene plays essential roles in the normal development of the neural plate, morphogenesis of bulbus cordis, and proliferation of trabecular myocytes on a C3H/He background. q
Introduction
Cardiac and neural tube defects are the two most frequent congenital malformations at birth in humans. In order to analyze the causes and mechanisms of these defects, animal models are very important.
The jumonji (jmj) gene and jmj mutant mice were obtained by a mouse gene trap strategy (Takeuchi et al., 1995) . The jmj gene encodes a protein that is partially homologous to the human retinoblastoma-binding protein RBP-2, and to a putative protein encoded by human gene XE169, which escapes X-chromosome inactivation (Fattaey et al., 1993; Wu et al., 1994; Takeuchi et al., 1995) . In addition, the Jmj protein contains nuclear localization signals and a region homologous to the AT-rich interaction domain (ARID) identi®ed in the DNA binding protein Dead Ringer in Drosophila, in transcription factor Bright in mouse, and in SWI1 in yeast (Peterson and Herskowitz, 1992; Herrscher et al., 1995; Gregory et al., 1996; Takeuchi, 1997) , suggesting that the Jmj protein is a transcription factor. Homozygous jmj mice fail to express normal jmj mRNA (Takeuchi et al., 1995) . The phenotypes of jmj mutant mice are dependent on the genetic background (Motoyama et al., 1997) . The mutant mice originally analyzed had a BALB/cA and 129/Ola mixed genetic background (Takeuchi et al., 1995) . With this mixed background, approximately half of the mutant embryos show neural tube defects, and all mutant embryos die between 10.5 days post coitum (E10.5) and E15.5 (Takeuchi et al., 1995) . The jmj mutant embryos with a BALB/cA, C57BL/ 6J, or DBA/2J background, however, display no neural tube defects, and almost all mutant embryos die around E15.5 with hemorrhage and edema (Motoyama et al., 1997) . Mutant embryos with a BALB/cA background show impairment in de®nitive hematopoiesis and an increase in megakaryocytes in the fetal liver (Motoyama et al., 1997; Kitajima et al., 1999) .
In the present paper, we show that all homozygous jmj embryos with a C3H/He background show neural tube defects and die around E11.5. Moreover, these embryos have cardiac defects. Thus, jmj mutant phenotypes can be classi®ed into two distinct types, a BALB/c type and a C3H/ He type. We performed further analyses on C3H/He type phenotypes and the results show that jmj plays essential roles in the normal development of the neural plate and heart in mouse embryos with a C3H/He background.
Results

General phenotypes of jmj embryos with a C3H/He background
The jmj mutant allele was introduced into C3H/He mice by backcross mating. No apparent abnormalities were associated with the heterozygous mice.
The percentage of live homozygous embryos between E7.5 and E11.5 was 23.9±27.4%, indicating that jmj homozygous embryos are recovered in Mendelian ratios (Table  1) . The somite numbers of homozygous embryos showed no apparent differences from wild-type or heterozygous littermates during between E8 and E11.5, but the gross size of homozygous embryos was smaller compared with littermates after E10.5. Almost half the homozygous embryos at E11.5 showed the onset of lethality but these embryos are designated as live embryos in Table 1 because a weak heart beat could be observed. No live homozygotes were recovered after E12.5. These data show that homozygous embryos die around E11.5.
We found all homozygous embryos to have neural tube defects around the midbrain and morphogenetic abnormalities in the heart (Fig. 1B,D) .
Neural tube defects and abnormal groove formation on the neural plate
We examined the pro®le of neural tube closure of homozygous embryos with a C3H/He background. All homozygotes displayed delayed closure as well as a failure to fuse at the posterior site of the forebrain with a pro®le identical to that observed in embryos with a mixed 129/Ola and BALB/ cA background (Takeuchi et al., 1995) . We also examined the neural plate at E7.5±E8.5 and found that all homozygous embryos had abnormal grooves on the neural plate, although the morphology varied among embryos (Fig. 2) . Associated with the abnormal grooves, the neural plate exhibits a prominent¯exure as previously reported in embryos with a mixed background (Takeuchi et al., 1995) . Whole mount in situ hybridization experiments showed the abnormal grooves to lie in the region where the wnt-1 gene is expressed at E8.5 (data not shown), indicating that the abnormal grooves form at the future midbrain-hindbrain boundary.
The jmj gene is expressed in cardiac myocytes in the bulbus cordis and ventricular trabeculae
Because jmj embryos show defects in heart morphogenesis as shown above, we examined the expression pattern of the jmj gene during heart development ( Figs. 3 and 4) . Since the expression pattern of the jmj gene as monitored by betagalactosidase activity is generally consistent with that of the jmj mRNA in wild-type embryos as detected by in situ hybridization (Takeuchi et al., 1995; Motoyama et al., 1997) , we stained embryos with X-gal to monitor the expression of the jmj gene. Expression of the jmj gene was detected weakly in the anterior region of the heart tube, probably at the future bulbus cordis, at the 6-somite stage (Fig. 3A) , in the whole bulbus cordis at the 8-somite stage when elongation of the bulbus cordis is evident (Fig.  3B) , and observed more strongly at the 11-somite stage when looping is apparent (Fig. 3C ). When the formation of the right ventricle in the bulbus cordis is apparent, no expression is detected in the wall of the right ventricle but expression remains in the out¯ow tract (Fig. 3E , the 27-somite stage). At E11.5 (the 34-somite stage), a scattered expression pattern was observed in both ventricles (Fig. 3F ), indicating expression in the trabeculae (see below). jmj expression during development was also examined in histological sections. b-Galactosidase activity derived from the trap vector is observed in the nucleus due to the nuclear transporting sequence placed at the 5 H terminus of the lacZ sequence (Takeuchi et al., 1995) . A strong signal in the nucleus was observed in cardiac myocytes in the wall of the bulbus cordis (data not shown, E8.5±E9.5) and the . jmj expression patterns in the heart of heterozygous mice as revealed by lacZ expression. (A±D) Lateral view of the heart at the 6-, 8-, 11-, and 18-somite stages, respectively. (E,F) Frontal view of the heart at E10.5 (the 27-somite stage) and E11.5 (the 34-somite stage), respectively. Expression was detected weakly in the anterior region of the heart tube, probably the future bulbus cordis, at the 6-somite stage (A) and in the bulbus cordis after the 8-somite stage (B±D). When the formation of the right ventricle in the bulbus cordis is apparent, no expression is detected in the wall of the right ventricle but still remains in the out¯ow tract (E,F). bc, bulbus cordis; lv, left ventricle; oft, out¯ow tract; plv, primitive left ventricle; rv, right ventricle. Scale bar, 100 mm.
out¯ow tract (Fig. 4A, E10 .5), which develops from the bulbus cordis. This expression was not observed in cardiac myocytes of the wall (the compact layer) of the right ventricle, which also develops from the bulbus cordis (Fig. 4A ). In addition, no expression was detected in the compact layer of the left ventricle (Fig. 4B ). Strong expression was observed in the ventricular trabeculae (Fig. 4B) , and the expression intensity in trabecular myocytes increased during development becoming higher than in the out¯ow tract at E11.5. Expression in other myocytes was relatively weak, if present at all, except in the dorsal region of the atrial wall (data not shown). In the endocardium and the endocardial cushion, very weak expression was observed.
Thus, the jmj gene is expressed strongly in cardiac myocytes of the bulbus cordis (then out¯ow tract) and the ventricular trabeculae. We observed abnormal phenotypes in these two tissues in jmj homozygous embryos as described below.
Morphogenetic defects in the bulbus cordis of jmj embryos
We examined the morphogenesis of the heart of jmj homozygous embryos during development. There were no apparent differences in heart morphology between control and jmj embryos at the 6-somite stage (Fig. 5A,E) . At the 8-somite stage, the length of the bulbus cordis of jmj embryos appeared short (Fig. 5B,F) . Although looping of the heart tube was evident in both control and mutant embryos at the 11-somite stage, the bulbus cordis of jmj embryos showed a swollen morphology (Fig. 5C,G) . This abnormal morphology was also observed in mutant embryos after the 15-somite stage, and the boundary between the bulbus cordis and the primitive ventricle (future left ventricle) was shifted rostrally as compared with controls ( Fig. 5D ,H and Fig.  1C,D) .
Next, we examined the abnormal morphology of the bulbus cordis in histological sections. After E9.5, trabeculation was evident in the proximal region of the bulbus cordis, a sign of right ventricle development in normal embryos (Icardo and Fernandez-Teran, 1987) . Trabeculation was observed in the swollen bulbus cordis, as well as the left ventricle, of mutant embryos at E9.5 (data not shown, 18-somite stage) and E10.5 (Fig. 6E, 26 -somite stage). The expression of myosin light-chain 2V (MLC 2V), a ventricular speci®c marker (O'Brien et al., 1993) , was detected in the swollen morphology at the 13-and 18-somite stages (data not shown) and at E10.5 (Fig. 8C, 26 somite stage).
We examined the expression of several genes involved in cardiac morphogenesis by whole-mount in situ hybridization (Nkx2-5, Lyons et al., 1995 ; dHAND (HAND 2), Srivastava et al., 1997; eHAND (HAND 1), Firulli et al., 1998; Riley et al., 1998) . The levels and patterns of expression of Nkx2-5 in the whole heart are comparable in both mutant and normal embryos when analyzed at E9.5 (data not shown). The expression pattern of HAND genes shows a complementary left-right cardiac asymmetry, with eHAND predominantly on the left side, and dHAND on the right side of the heart, including the bulbus cordis (Cserjesi et al., 1995 , Biben and Harvey, 1997 , Srivastava et al., 1997 . dHAND, but not eHAND, expression was detected in the swollen morphology of the bulbus cordis of mutant embryos at E9.5 (data not shown).
These results show that abnormal morphogenesis of the ventricle on the right side, probably the right ventricle, results in swollen morphology.
Cellular abnormalities in the cardiac myocytes of ventricular trabeculae in jmj embryos
The jmj gene is expressed strongly in cardiac myocytes of the trabeculae (Fig. 4B) . We also found abnormal phenotypes in these cells (Figs. 6±8) .
Normal embryos at E10.5 evidence developing trabecu- lae with many erythroid cells visible in the interspace between the endocardial layers of the left ventricle (Fig.  6C ). On the other hand, the left ventricles of mutant embryos at E10.5 are occupied by cells, mainly cardiac myocytes in the trabeculae (Fig. 6D,F) , with many bubble-like structures apparent (Fig. 6F, arrow heads) . There are almost no spaces visible between the endocardial layers and very few erythroid cells can be detected. At E11.5, the same or more severe morphology was found in the left ventricles and the swollen morphologies of the mutants (data not shown). We investigated cell density and the proliferation of cardiac myocytes in the trabeculae and endocardial cells by counting these cells as well as mitotic cells per ®eld in the left ventricles ( Table 2 ). The cell densities and mitotic index of endocardial cells showed no signi®cant differences between normal and mutant embryos at either E10.5 or E11.5. On the other hand, trabecular cardiac myocyte densities and the mitotic index in mutant embryos showed a signi®cant increase compared with control embryos (Table 2) . Next, the average cell size was calculated by measuring the area occupied by cells. The average cell area of the trabecular myocytes and endocardial cells revealed no signi®cant differences compared with controls at E10.5 and E11.5 (Table 2 ). These data suggest that hyperplasia but not hypertrophy occurs in the trabecular myocytes of mutant embryos. We examined the ®ne cellular ultrastructure by transmission electron microscopy (Fig. 7) . Myocytes in the trabeculae of control embryos at E10.5 adhere tightly to one another and often show long myo®laments (Fig. 7A,B) . On the other hand, many spaces are apparent between the trabecular myocytes of mutant embryos and cells in which myo®la-ments are observed are very few. Moreover, the myo®la-ments appear short and show a disordered orientation (Fig.  7C,D) . Many myocytes in the mutant embryos showed abnormal vacuoles in their cytoplasm (data not shown), suggesting the bubble-like structure observed in Fig. 6F . In situ hybridization was used to analyze myogenesis in mutant hearts. Probes for a-cardiac actin, myosin heavychain a (MHC a), myosin light-chain 2A (MLC 2A), and MLC 2V were used, and comparable levels and patterns of expression were found across the myocardium in both mutant and normal embryos analyzed at the 13-and 18-somite stages (data not shown). Together with the ability of mutant hearts to beat, these results show that the myogenic program is established normally. At E10.5, however, when abnormalities in the ventricular trabeculae are evident, the expressions of all genes examined in the trabecular cardiac myocytes were either very weak or not detectable in many cells, although some cells showed strong signals (Fig. 8) . Strong expression in the cardiac myocytes of the ventricular wall (compact layer) was detected in mutant embryos.
These results suggest that cell proliferation and the differentiation of trabecular cardiac myocytes are abnormal.
Discussion
Abnormal groove formation on the neural plate and neural tube defects
We reported previously that approximately 40% of jmj homozygous embryos with a BALB/cA and 129/Ola mixed genetic background show abnormal groove formation on the neural plate and neural tube defects (Takeuchi et al., 1995) . The present results show that all homozygous embryos with a C3H/He background reveal both abnormal groove formation and neural tube defects, suggesting that abnormal groove formation results in neural tube defects. But experiments such as transgenesis, in which abnormal grooves are rescued by the intact jmj gene, will be required to provide unequivocal proof.
Abnormal groove formation on the neural plate is observed at E7.5 and the presomite stage ( Fig. 2A,B) . Because the jmj gene is expressed throughout the neural epithelium at the presomite stage (Takeuchi et al., 1995) , this suggests that the jmj gene plays important roles in the normal development of the neural plate, although the mechanism remains unknown.
The expression pattern of the jmj gene in the heart
The jmj gene shows two characteristic expression patterns in the heart. First, expression is detected in cardiac myocytes in the wall of the bulbus cordis. Earlier in development, jmj is expressed throughout the bulbus cordis, but then disappears from the right ventricle. As far as we know, the same expression pattern for endogenous genes has not previously been reported. Although the expression of several transgenes driven by promoters of the myogenic genes MLC 2V, desmin, and SM22 a has been observed in the bulbus cordis, they continue to be expressed in the right ventricle (Kuisk et al., 1996; Li et al., 1996; Ross et al., 1996) . These results suggest that the jmj gene has a promoter similar to those of these myogenic genes, but that it is also regulated by another element(s) that suppresses expression in the right ventricle, or that jmj expression is promoted by a speci®c promoter.
A second characteristic expression pattern is seen in cardiac myocytes in the trabeculae of the ventricle. This expression appears ®rst at E10.5 and the intensity increases at E11.5 (data not shown). It is very interesting that very little or no jmj expression is detected in other cardiac myocytes in the heart, except the bulbus cordis and dorsal atria. This suggests that the jmj gene also has a cis-element for trabeculae-speci®c expression.
3.3. The role of the jmj gene in the development of the bulbus cordis and the right ventricle jmj mutant embryos show abnormal morphogenesis in the proximal region of the bulbus cordis (Figs. 1 and 5) . The ®rst question concerns the identity of this structure. Because trabeculation is observed in the abnormal structure (Fig. 6E) , and a ventricular marker, MLC 2V, is expressed in this structure (Fig. 8C) , the abnormal structure develops into the ventricle. eHAND, which is expressed in the left ventricle (Biben and Harvey, 1997; Srivastava et al., 1997) , is not expressed in the abnormal structure. On the other hand, dHAND, which is expressed in the right side of the heart, including the future right ventricle (Biben and Harvey, 1997; Srivastava et al., 1997) , is expressed in the abnormal structure. jmj expression disappears from the wall of the right ventricles of normal embryos (Fig.  3E ) while lacZ expression disappears from the wall of the abnormal structures of mutant embryos at E10.5 (data not shown). In normal embryos, the right ventricle develops from the proximal region of the bulbus cordis, where the abnormal structure forms in jmj mutant embryos. These results suggest that the abnormal structure develops as the right ventricle.
The next question concerns the mechanism by which the abnormal structure is formed. The abnormal structure is apparent at the 11-somite stage when no vesicle structures in the proximal region of the bulbus cordis of normal embryos are observed (Fig. 5C,G) . Trabeculation in the abnormal structure of the mutants appears to proceed earlier than in normal embryos (Fig. 6B,E) . These observations suggest the possibility that the right ventricle in jmj mutant embryos forms at an earlier stage than in normal embryos. If this is the case, then jmj controls the timing of the morphogenesis of the right ventricle by suppressing its formation. jmj expression disappears from the right ventricle at this stage of its formation. This expression pattern is consistent with our hypothesis. In order to prove this hypothesis, experiments involving the ectopic or heterochronic expression of the jmj gene in the embryonic heart should be conducted.
3.4. The role of the jmj gene in the development of trabecular myocytes in ventricles During cardiac development, the ventricular myocardium separates into two layers, an outer, compact layer and an inner, spongy zone. The spongy zone becomes trabeculated.
jmj expression is observed strongly in cardiac myocytes in the trabeculae after trabeculation begins. These cells in jmj mutant embryos show abnormal development, and these cell density and mitotic index are elevated. The expressions of a cardiac actin, MHC a, MLC 2A, and MLC 2V are decreased or not detectable in many trabecular myocytes. These data suggest that cell proliferation is accelerated but cell differentiation is inhibited in the trabecular myocytes of mutant embryos, and that the jmj gene is involved in the proliferation and differentiation of trabecular myocytes. An abnormal increase in trabecular myocytes would result in a decrease in the space between endocardial layers and a de®ciency in erythroid support. It is possible that these defects cause myocytes with abnormal vacuoles to degenerate.
Signals from the endocardium to the myocardium are important for the generation of trabeculae. Neuregulin is expressed in the endocardium and its receptors, erbB2 and erbB4, in the myocardium. Targeted gene disruption of neuregulin (Meyer and Brichmeier, 1995) , erbB2 (Lee et al., 1995) , or erbB4 (Gassmann et al., 1995) blocks the development of trabeculae. The fact that the jmj gene is expressed strongly in trabecular myocytes but not in the endocardium suggests that the abnormality in trabecular myocytes occurs in a cell-autonomous manner. It is possible that signal transduction involving the neuregulin-erbB family or others in trabecular myocytes is affected and trabecular myocytes increase abnormally in jmj embryos.
Differences in the phenotypes of mutant embryos depending on genetic background
Approximately half of jmj mutant embryos show neural tube defects in mice with a mixed BALB/cA and 129/Ola background (Takeuchi et al., 1995) . On the other hand, no neural tube defects were observed in mice with BALB/cA, C57BL/6J, or DBA/2J backgrounds (Motoyama et al., 1997) , while all mutant embryos show neural tube and cardiac defects in mice with a C3H/He background. This suggests that the incomplete penetrance in mice with the mixed background is due to the heterogeneous genetic background of the homozygotes, and that the contribution of the jmj gene to neurulation and cardiogenesis depends on interactions with other gene(s) (modifying genes). We observed cardiac defects in some homozygous embryos with a mixed BALB/cA and 129/Ola background (data not shown), but this phenotype could not be analyzed intensively because of its low frequency. jmj homozygotes died around E11.5 in the case of embryos with a C3H/He background and E15.5 for embryos with a BALB/cA background. These results suggest that the cause of lethality in each case is different. jmj mutant embryos with a C3H/He background show an abnormal structure in the bulbus cordis and, in addition, the ventricles are ®lled with trabecular myocytes that would prevent the blood from circulating. Therefore, we conclude that the cause of lethality in mutants with a C3H/He background is the abnormality in the heart. Homozygous embryos with a BALB/cA background show no apparent cardiac defects, but show severe edema in the back, hemorrhaging, and hypoplasia of the liver (Motoyama et al., 1997) . Our recent study shows that the cause of lethality in the case of a BALB/cA background is impaired hematopoiesis in the liver (Kitajima et al., 1999 ).
An effect of genetic background on phenotype has often been observed in spontaneous or knockout mouse mutants (for examples see Morgan, 1950; Copp et al., 1990; Copp, 1994 , Baribault et al., 1994 Sibilia and Wagner, 1995; Bonyadi et al., 1997) . For some of these mutations, chromosome mapping of the modifying genes has been carried out (Letts et al., 1995 , Bonyadi et al., 1997 ,Ishijima et al., 1998 . It will be interesting to identify the genes that modify the neural tube and cardiac defects in jmj mutant mice because these modifying genes are involved in the function of the jmj gene and in neural tube and cardiac development.
In conclusion, jmj plays essential roles in both neural tube closure and cardiac development in embryos with a C3H/He background. It is interesting that a single gene controls the development of both the neural tube and heart, as the neural epithelium and myocardial lineages are not embryologically related. Presumably, jmj forms parts of the different regulatory networks for these two tissues.
Experimental procedures
4.1. Mice jmj mutant mice were originally generated with a 129/Ola and BALB/c mixed genetic background (Takeuchi et al., 1995) . The jmj mutant allele was introduced into C3H/He mice by backcross mating jmj heterozygous mice with a BALB/cA background with C3H/HeJ Jcl (Clea JAPAN, Inc.) mice. In the experiments described in this paper, we used F6-F10 heterozygous parent mice for intercross to obtain homozygous embryos. The presence of a vaginal plug was regarded as E0.5. The genotype was determined by PCR using genomic DNA isolated from the yolk sacs (Takeuchi et al., 1995) . All animals were cared for by supervised trained technicians in our animal center.
Histology
Embryos were dissected in Dulbecco's phosphate buffered saline (PBS) and ®xed overnight at 48C in Bouin's ®xative (Sigma) for conventional analyses, overnight in 4% paraformaldehyde in PBS for in situ hybridization, and for 30 min to 2 h in 0.2% glutaraldehyde-1% formaldehyde-0.02% NP40 in PBS for X-gal staining. For conventional analyses, the embryos were then dehydrated in ethanol, cleared with xylene, and embedded in paraplast. The specimens were cut into 5 mm sections and stained with hematoxylin and eosin (Sigma). For X-gal staining and in situ hybridization with sections, frozen sections were used and experiments were performed as described in Motoyama et al. (1997) . Whole-mount X-gal staining and in situ hybridization was performed as described in Takeuchi et al. (1995) andWilkinsons (1992), respectively. Cell density was measured by counting cells in the photographic frame (140 £ 90 mm). Cells in metaphase were counted as mitotic cells. Cell area was calculated by measuring the total area of trabecular myocytes or endocardial cells using an NIH image and dividing the total area by the total number of each cell type.
Electron microscopy
The procedures for scanning and transmission electron microscopy were described in our previous study (Takeuchi et al., 1995) .
